Ubiquitination is a unique protein degradation system utilized by eukaryotes to efficiently degrade detrimental cellular proteins and control the entire pool of regulatory components. In plants, adaptation in response to various abiotic stresses can be achieved through ubiquitination and the resulting degradation of components specific to these stress signalings. Arabidopsis has more than 1,400 E3 enzymes, indicating E3 ligase acts as a main determinant of substrate specificity. However, as only a minority of E3 ligases related to abiotic stress signaling have been studied in Arabidopsis, the further elucidation of the biological roles and related substrates of newly identified E3 ligases is essential in order to clarify the functional relationship between abiotic stress and E3 ligases. Here, we review the current knowledge and future prospects of the regulatory mechanism and role of several E3 ligases involved in abiotic stress signal transduction in Arabidopsis. As another potential approach to understand how ubiquitination is involved in such signaling, we also briefly introduce factors that regulate the activity of cullin in multisubunit E3 ligase complexes.
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UBIQUITINATION AND E3 LIGASES
Ubiquitination is a post-translational modification of proteins that plays an important role in several processes in plants such as biotic and abiotic stress responses, cell cycle progression and hormone response. Ubiquitin, so named because of its ubiquitous presence in all eukaryotic species, is a highly conserved 8-kDa protein. This small protein attaches to lysine residues on the target protein by three successive enzymes; Ub-activating enzyme (E1), Ub-conjugating enzyme (E2), and Ub-ligase (E3) (Kraft et al., 2005; Mukhopadhyay and Riezman, 2007; Smalle and Viestra, 2004; Stone et al., 2005) (Fig. 1A) . The target protein can be tagged with a single ubiquitin molecule (monoubiquitination), multiple ubiquitin molecules (multiubiquitination), or a ubiquitin chain (polyubiquitination). In general, monoubiquitination and multiubiquitination function in the regulation of protein activity, protein-protein interaction, and subcellular localization. In contrast, polyubiquitination, the most frequently found type of ubiquitination, mainly triggers the transfer of the ubiquityinated target protein to the 26S proteasome complex, resulting in further degradation (Mukhopadhyay and Riezman, 2007; Pickart and Eddins, 2004) .
Arabidopsis has 2 E1, at least 37 E2, and more than 1,400 E3 enzymes (Downes et al., 2003; Dreher and Callis, 2007; Gagne et al., 2002; Gingerich et al., 2005; Hatfield et al., 1997; Kraft et al., 2005; Vierstra, 2009) . The large diversity of E3 ligases suggests that E3 is important in determining substrate specificity, that is, identifying which protein will be ubiquitinated. E3 ligases can be largely divided into two groups based on their structure: single-subunit E3 ligases and multi-subunit E3 ligases.
Single-subunit E3 ligases
Single-subunit E3 ligases are further categorized into distinct families based on the presence of specific domains, such as homology to E6AP C terminus (HECT), U-box, and really interesting new gene (RING) domains (Fig. 1B) .
HECT E3 ligases contain a conserved C-terminal HECT domain that was first detected in human E6AP (Huibregtse et al., 1995) . While other single-subunit E3 ligases are indirectly involved in the transfer of ubiquitin from E2 to the target protein, HECT E3 ligases generate an intermediate form of Ub-E3 through a cysteine residue that pre-exists in the HECT domain. This intermediate form acts as a proximal ubiquitin donor for the ligation of ubiquitin to the substrate protein. Although approximately 7 HECT E3 ligases have been identified in Arabidopsis (UPL1-7), there are only a few reports on their roles in plant signalings so far. For instance, UPL3 has been suggested to be involved in trichome development and UPL5 was shown to play a negative role in leaf senescence through degradation of the transcription factor WRKY53 (Downes et al., 2003; Miao and Zentgraf, 2010; Vierstra, 2003) .
RING finger-containing proteins are the most abundant group among the single-subunit ligases. It is estimated that more than 460 RING proteins exist in the Arabidopsis genome. This group is defined by the presence of a RING finger motif, a zincbinding motif composed of approximately 70 amino acids. Most RING motifs coordinate two zinc ions so that it forms a platform that can bind E2 (Freemont et al., 1991) . RING finger-containing proteins also function as a component of the cullin-based multi-subunit E3 ligase complex (Santner and Estelle, 2010).
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A B C Fig. 1 . Ubiquitination process and E3 ligases. (A) Overview of the polyubiquitination process. Ubiquitination requires the sequential action of three enzymes; ubiquitin-activating enzyme (E1), ubiquitin-conjugating enzyme (E2) and ubiquitin ligase (E3). Ubiquitinated substrates are targeted to the 26S proteasome for subsequent degradation. (B) Single subunit and multi-subunit E3 ligases. Based on the E2-interacting region, single subunit E3 ligases can be largely categorized into two types; HECT-type and RING/U-box E3 ligases. Cullin-based E3 ligases are composed of several components; cullin, RBX1, adaptor, and substrate receptor. The resulting complex acts as an E3 ligase in the ubiquitination of substrates. (C) Several types of cullin-based E3 ligases in plants. Cullin 1 assembles into the SCF complex with ASK as an adaptor and F-box protein as a substrate receptor. As cullin 2 was reported to interact with F-box proteins, cullin 2 may be another subunit of the SCF complex (Risseeuw et al., 2003) . In the case of cullin 4 complex, DDB1 and DWD proteins are utilized as adaptors and substrate receptors, respectively. Unlike cullin 1 and cullin 4, cullin 3 only requires BTB-containing proteins as substrate receptors without additional adaptor proteins.
U-box domain is composed of 75 amino acids (Hatakeyama et al., 2001) and is structurally related to RING domain. But unlike RING, zinc is not required for the stabilization of the Ubox structure (Aravind and Koonin, 2000) . Similar to RING domain-containing proteins, U-box proteins participate in several events in the life of a plant such as hormone and biotic/abiotic stress signalings (Yee and Goring, 2009 ). There are 64 U-box genes in the Arabidopsis genome, a significantly larger number than that in human or yeast (21 and 2, respectively). As other single subunit E3 ligases share a similar number of gene families among eukaryotes, the diversity of plant U-box genes suggests that the U-box domain is important in determining substrate specificity for various cellular processes in plants (Aravind and Koonin, 2000; Koegl et al., 1999; Ohi et al., 2003; Wiborg et al., 2008) .
Multi-subunit E3 ligases: cullin-based E3 ligases Among the multi-subunit E3 ligases, cullin-based E3 ligases have been best characterized to date. In Arabidopsis, five cullins, namely, cullin 1, cullin 2, cullin 3a, cullin 3b, and cullin 4 have been identified as components of the cullin-based E3 ligases. Cullin proteins serve as a scaffold that provides a framework for assembling the ubiquitination machinery. In addition to cullin proteins, two other modules are required for the complex: the RING finger protein, RBX1, which recruits E2, and the substrate-recognition module that contains the adaptor and substrate
